Cognitive radio (CR) as a promising way to solve the spectrum scarcity allows exploitation of the shared frequency bands while guaranteeing acceptable interference to incumbent users in satellite communication systems. An improved spread slotted ALOHA (SSA) based on multi-user, multi-channel CR model applying to the satellite communications is proposed in this paper. To make full use of the detection information of satellite earth stations, a novel joint collaborative sensing method is used in the sensing phase. Moreover, a better throughput is achieved by using the improved SSA strategy in the transmission phase comparing with the traditional slotted ALOHA (SA). Theoretical analysis shows that the system performs better when SSA is adopted. Theoretical analysis and simulation results indicate that the sensing method used in this model outperforms the traditional "hard combining" strategy in the whole sensing process.
Introduction
The demand for high-bandwidth application of mobile devices increases sharply with the boom in wireless communication, which needs the relevant technology to deal with the potential spectrum scarcity by enhancing the spectrum efficiency. One of the promising ways to improve spectrum efficiency is the cognitive radio (CR) proposed in [1] . The CR achieves the goal by allowing the secondary users (SUs) to access the unused licensed channels dynamically with a reliable energy detection performed by the SUs; therefore, the SUs will not disturb primary users (PUs).
The coexistence of PUs and SUs can be achieved by either a centralized way or a decentralized way. In the centralized strategy, a center cooperator and a control channel are necessary to sense the licensed channels collaboratively and to allocate the idle channels, respectively. Ref [2] studied a media access control (MAC) protocol, SCA-MAC, based on CSMA which made decisions on channels accessing with the statistics characteristic of [3] proposed a sensing scheme which exploited the spatial diversity to improve the ability to sense in CR network. The throughput maximization and tradeoff in a centralized CR network are discussed in [4] and [5] , respectively. The decision that the center cooperator makes on whether a licensed channel is idle can be carried out by hard combining or soft combining through the collaborative sensing. Hard combining, such as Ref [6] , acts as the following process. To begin with, the SUs will determine whether a channel is idle through the energy detection and then send the result to a center cooperator. The cooperator will then make the final decision on the channel state based on all the SUs' results. In soft combining, e.g., Ref [7] , each SU will send a full observation of signal energy on one channel to a cooperator and the cooperator will determine the channel state through these observations. In the decentralized scheme (or distribute scheme), no cooperator or control channel exists. The SUs will privately perform channel sensing at some random or consecutive channels and utilize the channel which is detected to be idle to transmit data. Apparently, the reliable channel sensing is vital in the whole decentralized CR network. Refs [8] [9] [10] [11] show a way, respectively, to permit the SUs to sense and access channel independently without central cooperators or control channels. The ALOHA-based CR network is discussed in [12, 13] .
In recent years, the CR technology applied to satellite communications has been studied by researchers. Three application scenarios of CR technique in satellite communications were studied in [14] , and the key challenges and enabling technologies for each scenario are also analyzed. A satellite-based multi-resolution compressive spectrum detection algorithm is proposed to achieve the coexistence of a mobile satellite system and an infrastructure wireless terrestrial network in [15] . Icolari in [16] proposed an energy detector based on radio environment mapping for the spectrum awareness functionality of a hybrid terrestrial/satellite scenario. An adaptive modulation scheme is proposed in [17] to mitigate the effect of rain on cognitive radio-based geostationary earth orbit (GEO) satellites which operate in the Ka-band.
An ALOHA based on CR model in the scenario of satellite communication which adopts the multi-user, multichannel CR model in [13] is proposed in this paper. And two major innovation points are as follows: (i) In the sensing phase, we adopt a novel collaborative sensing method proposed in [7] rather than a distributed method. By using this method, GEO satellite can make more reliable decisions and interfere with the PUs less. (ii) In the transmission phase, we bring spread slotted ALOHA (SSA) [18] in our work expecting better system performance. Besides, the collaborative sensing strategy in [6] is also introduced to make a contrast on which sensing scheme can perform better.
The rest of this paper is arranged as follows. The proposed model is described in Section 2. In Section 3, the throughput of the proposed model is analyzed, and the analytical expression of the throughput is also given. The simulation and analysis result as well as the contrast of the performance using different collaborative sensing methods are shown in Section 4. Finally, the conclusion is drawn in Section 5.
System model description
The CR model proposed in this paper will be discussed in the satellite communication scenario in [19] . As shown in Fig. 1 , the GEO satellite and its satellite earth stations can be seen as the SUs and the fixed service stations are the PUs. Satellite earth stations communicate with the GEO satellite through cognitive links, i.e., the licensed channels. Satellite earth stations utilize the licensed channels only when they detect one channel as idle (i.e., no PU transmission in the channel), and the spectrum must be vacant if a PU accesses the licensed channel. It is clear to see in Fig. 1 that satellite earth stations may disturb the PUs because of imperfect channel sensing, so it is vital for satellite earth stations to perform continual spectrum sensing.
The cognitive satellite communication model is shown in Fig. 1 . In this model, we consider a spectrum with N licensed channels and the channels are distinguished by frequency. An example of channel state description is given in Fig. 2 , where shaded areas represent the presence of the PU. The channel states will not change within one frame in this paper. Further, assume that the secondary users consist of K satellite earth stations and one GEO satellite. Besides, the time axis in this model is divided into duration-fixed frame with the duration T F . Each frame consists three parts which are sensing time T S , report time T R , and transmission time T T . The concrete meaning of these three time types will be explained in the following part. The operating principle of this model can be described as two phases, which are the sensing phase and the transmission phase. The satellite earth stations will first detect the licensed channels in the sensing phase and then transmit data in the transmission phase through idle channels with spread slotted ALOHA algorithm. The two phases will be described then in order to reveal this model better.
Sensing phase
Each satellite earth station conducts channel sensing procedure during the sensing phase. As depicted in Fig. 3 , N S are sensing slots in which time lengths are T Sm group sensing time, i.e., N S = T S / T Sm . In this model, each satellite earth station senses one licensed channel within a sensing slot and senses all licensed channels during the whole sensing time, which means N S = N. The channel detection can be achieved through energy detection which can improve the satellite earth stations' detection performance. Each satellite earth station obtains its full observation through energy detection and stores the signal samples of all licensed channels into its buffer after sensing time. Satellite earth stations will then send them to a GEO satellite. The GEO satellite will acquire the energy statistic of every licensed channel by summing the sample values received from all satellite earth stations with corresponding weights and finally reach a decision on states of all licensed channels. Then the GEO satellite will immediately broadcast the states of all the licensed channels to all satellite earth stations. Satellite earth stations transmit packets on idle channels with the result given by GEO satellites. However, if the GEO satellite wrongly declares a busy channel as an idle one, satellite earth stations may transmit packets on busy channels. As a result, satellite earth stations not only fail to transmit packets but also interfere with PUs. So, it is vital for GEO satellites to conduct accurate channel sensing. In the sensing phase of cognitive radio, the reliability of the decisions that GEO satellites make is subject to P d and P f . P d represents the probability of correct detection with the presence of PU, and P f represents the probability of falsely declaring Other sensing methods can also help the GEO satellite make channel state decisions except the above scheme. A "hard combining" method is studied in [6] , which is introduced to make a contrast with the sensing algorithm in this paper. The method can be stated as follows. Satellite earth stations will dependently reach a decision on the channel state and then send the results to GEO satellites. If all satellite earth stations claim idle on one channel, the satellite will announce the channel state vacant to all stations or the channel will be declared as a busy one.
Transmission phase
The SUs have to wait for the T R (i.e., the report time), which includes propagation delay and processing delay, to receive the results of channel states after sensing phase, where T R = η 2 T Sm . After obtaining the channel states, satellite earth stations will transmit packets using the SSA strategy in the transmission phase. In SSA, all transmission terminals are provided with a set of orthogonal codes, different terminals own the same code set, and the total number of the codes is represented by N C . Considering the complexity of receivers, both the number of the codes and the spread factor (i.e., the length of a code) should be low. Besides, code words can be time-shifted versions of a single spreading-dispreading sequence [18] . The detail transmission processing can be described as follows. If one packet is generated, it will be first spread by a random spread code among the code set. Then a satellite earth station accesses an idle channel announced by a GEO satellite randomly at the beginning of a transmission slot T Tm and sends a spread packet with a specific probability of P tra , where T Tm = η 1 T Sm . We can see from Fig. 3 that the transmission slot is the basic unit of transmission time and denotes that transmission time consists of N T transmission slots, i.e., N T = T T / T Tm . Besides, suppose that the time length of a spread packet is equal to T Tm . It is obvious that more than one satellite earth station will transmit a packet with the same idle licensed channel, which means two or more packets may be overlapped in the same channel.
According to [18] , we assume that the receiver of GEO satellite can only recover one packet on one channel. If the number of packets on one channel that arrived in a slot is more than one, only one of them can be processed and the rest of them will be seen as "interfering packets. " The receiver can tolerate the interfering packets at a specific level; note that N IL is the maximum number of interfering packets that the receiver can tolerate and once the receiver receives more than N IL interfering packets, all the packets cannot be processed correctly. Further, the interfering packets will be declared as discarded. It is worth noting that the overlap is not equal to irreversible collision in SSA. The packet chosen by the receiver can be dispread and decoded correctly only if its spreading code is different from those used by all the other interfering packets. Figure 5 depicts the above workflow.
Based on the description of the transmission phase, if one packet is received successfully, except that it is sent to an idle channel, one of the following conditions should be satisfied: (1) No other satellite earth station sends packets on the same idle channel in the current slot; (2) Two or more satellite earth stations access the same idle channel and sends packets in the current transmission slot. Under this condition, if the number of packet interfered is no more than N IL , one random packet will be processed by the receiver correctly only if the code word the packet uses is not the same with those the interfering packets use. The GEO satellite will broadcast the result on which packet is processed successfully. The satellite earth station will retransmit the packet if the packet is declared as a fail transmission. For analysis simplicity, the channel environment between satellite earth stations and the GEO satellite is set to be idle, which means the channel noise, channel gain, or near-far effect are not considered. Based on this, the packet is dispread and decoded with zero-error if the above conditions are satisfied.
Numerical analysis
In this section, the system throughput is formulated. Throughput is defined as the number of packets successfully transmitted in one sensing slot and will be the evaluation criterion of the model performance. The simple condition, which is that the satellite can give a perfect decision on the channel states and the number of the idle channels is fixed, is first considered. Then, we discuss how the throughput changes under the imperfect detection and the fixed idle channel. Finally, a more universal condition where every channel becomes busy with a specific Receiver's workflow in the transmission phase probability in one frame is considered. In addition, it is assumed that there will be always at least one packet in the buffer of satellite earth station for simplicity as Ref [9] .
For simplicity, we first suppose that there are always M random idle channels among the entire licensed channels. Also, the GEO satellite can make the perfect decision on the channel states with the sampling values that the satellite earth stations send. In the transmission phase, the probability that the kth satellite earth station chooses one of the M channels and sends a spread packet within a slot is P k access = P tra / M. Note that
.e., P 1 access = P 2 access = · · · = P K access = P access . It is obvious that, on the rth channel, the probability that m packets are overlapped within one transmission slot follows a binomial distribution. We denote the probability is represented by P r rec (m) and P r rec (m) = K m P m access 1 − P access K−m . As referred before, the receiver of GEO satellite can only endure a fixed number of interfering packets, and we assume the number is N IL in this paper. We can formulate the probability that one packet can be successfully dispread and decoded among overlapped packets under the condition that interfering packets is less than N IL , i.e., P sur ( m| m ≤ N IL + 1)
Further, we can draw the conclusion that, on the rth channel, the probability that m( m ≤ N IL + 1) packets overlapped and one of them is processed successfully is P r suc ( m| m ≤ N IL + 1) = P r rec (m) P sur (m). On the other hand, if the number of interfering packets is larger than N IL , the receiver will not dispread and decode any one of these packets correctly because of the overload interference. So, The average number of successful transmission on channel r within one transmission slot, which is denoted as S r ave =
. Further, we can formulate the average number of successful transmission packets on the entire M channels within one transmission slot, which can be expressed as
It is worth noting that the definition of throughput in this paper is the number of packets transmitted successfully in one sensing slot. Finally, we obtain the throughput of this simple scenario, which is represented by S * sys (P tra , M)
Now we consider that the channel state decisions made by the GEO satellite is not perfect, which means P d = 1 and P f = 0. If a channel is idle, GEO satellite will detect this channel as idle with the probability of 1 − P f . On the other hand, GEO satellite will claim a busy channel as idle with the probability of 1 − P d . Any channel state decision made by GEO satellite is independent. Under the condition of fixed M random idle channels, the average number of vacant channel that satellite broadcasts to satellite earth stations is
So, The system throughput with the imperfect detection is obtained as
The dynamic channel states are taken into account in this part. For analysis simplicity, we assume that channel state changes slowly so that the channel state will not change in one frame. We also assume that every channel will become vacant with the probability of q in every frame. So, the probability that M channels that are idle in one frame obeys binomial distribution. We denote the probability as P idle (M) and it can be expressed as follows.
Therefore, we can obtain the system throughput with imperfect detection and dynamic channel states as follows.
Simulation results
The simulation and analysis results are depicted in this section. The simulation is performed via Monte-Carlo simulation. In our simulation, the parameters are assigned as follows. The number of licensed channels N = 10, the number of satellite earth stations K = 8, the duration of sensing time slot T Sm = 2 ms, η 1 = 10, η 2 = 120, and the number of transmission slot N T = 100. We suppose that the sample frequency in sensing phase is 6 MHz, i.e., f s = 6 MHz. We obtain the relationship between P f and P d from [7] , which can be expressed as follows.
where ξ means the ratio of signal to noise at the PU node, h i means the channel gains and obeys the Gaussian distribution with mean zeros and variance one , and
Finally, we assume N C = 5 referring to
Ref. [18] . The simulated and analytical results are shown in the following part. Figure 6 shows the system throughput with the change of P tra under the perfect detection and fixed number of idle channels. It can be seen that the simulated results are corresponding well with the analytical results at different N IL . Figure 7 gives the simulation on system throughput with imperfect channel detection and fixed idle channel number, where the relevant parameters are defined as ξ = −15 dB and P d = 0.9. From Figs. 6 and 7, when N IL = 1, the throughput tendency with P tra increases first and then decreases. The reason is that with the increase of P tra , the number of packets arriving in a slot increases and the throughput increases consequently. However, it also becomes more difficult for the receiver to dispread and decode the packets due to the continual increasing number of the packets arriving in a slot on one channel. At this point, the throughput decreases when P tra exceeds a specific level. In the scenario of N IL = 3, throughput is improved as P tra increases because the interference level is always tolerated. In addition, we can see that, when N IL = 0, the SSA transmission model is equal to traditional slotted ALOHA. It is apparent that the system will obtain more successful transmission when SSA strategy is adopted. Figure 8 shows the simulation with imperfect channel detection and dynamic channel states; the relevant parameters are defined as q = 0.4, ξ = −15 dB, and P d = 0.9. We also bring the "hard combining" sensing scheme, which is depicted in the preceding part in this paper, in our model to see which sensing algorithm performs better. We can see from in a low level, but when P tra is large enough, the sensing method in our model outperforms the "hard combining" scheme. Figure 9 compares the throughputs in different channel occupancy adopting both sensing methods with imperfect detection. We assume that ξ = −15 dB, N IL = 1, and P d = 0.9. From Fig. 9 , it can be seen that the sensing strategy in this model outperforms the "hard combining" method under any circumstances. In addition, when the channel occupancy rate is high, q = 0.2 for example, the system performs best when P tra is approximately 0.5, and satellite earth stations can send the packet once it is generated when channels are not busy, e.g., q = 0.6. Because all satellite earth stations will get the channel state information at the beginning of transmission phase, it is not a difficult problem for them to adjust P tra adaptively based on the information to maximize the system throughput.
Conclusions
In this paper, a spread slotted ALOHA based on multiuser, multi-channel CR model in satellite communication scenario is proposed. In the sensing phase, satellite earth stations will store sampling values on all channels into buffer and then send them to a central cooperator, i.e., a GEO satellite, and the satellite will make a final decision on channel states of all licensed channels. Satellite earth stations will receive the results after the reporting time. Then, satellite earth stations choose an idle channel randomly based on the results and send one packet with a specific probability within a transmission slot. Based on the simulation and numerical analysis, we can draw the following conclusions. First, by comparing the sensing method used in this paper with the traditional "hard combining" sensing scheme, we found that "hard combining" sensing strategy is not as good as the sensing method in this model at the system performance. Second, system throughput improves a lot when SSA scheme is adopted in our model rather than traditional SA strategy. Third, the system will be improved greatly if receiver on the GEO satellite can tolerate more interfering packets which means that the complexity can exchange better performance in our model. Finally, the simulations in different channel occupancy show that the probability that satellite earth stations send a packet can change adaptively to maximize the system throughput; it is not difficult to realize because the satellite will broadcast the channel information at the beginning of transmission phase.
